Purpose-A device composed of extracellular matrix (ECM) was investigated as an inductive template in vivo for reconstruction of the TMJ disk following discectomy.
Introduction
Currently, no alloplastic alternatives exist to safely and effectively replace a degenerative, non-repairable temporomandibular joint (TMJ) disk in humans. Previous attempts to utilize alloplastic materials have resulted in unsatisfactory outcomes including increased joint pathology among other complications (1-4). Several autogenous tissues such as temporalis muscle, auricular cartilage, dermis, and abdominal adipose tissue have been used as replacement materials, but only short-term success has been reported (5) (6) (7) (8) (9) (10) (11) . In addition, use of these tissues is associated with donor site morbidity, the eventual formation of scar tissue with resulting decreased range of motion of the mandible, and further joint pathology. Studies have documented reduction of joint pain after a discectomy without a replacement procedure, but these patients experience various degrees of subsequent degenerative change (12) (13) (14) . Thus, identification of a suitable off-the-shelf disk replacement material would obviate associated donor site morbidity and avoid downstream degenerative changes of the condyle. Ideally, such a material would act as a template for cellular in-growth, integrate with surrounding host tissues, and eventually restore the native morphology and function of the TMJ disk.
Tissue engineering and regenerative medicine approaches to the reconstruction of injured or missing tissues typically include cell-based, scaffold-based, or signaling molecule-based strategies. Regardless of the initial strategy, all approaches are intended to promote the formation of a tissue or organ that restores normal or near-normal structure and function. When prepared and utilized appropriately, biologic scaffold materials composed of extracellular matrix (ECM) have been shown to be capable of promoting the de novo formation of new, site-appropriate, functional host tissues in a wide variety of preclinical and clinical applications (15) (16) (17) . This type of "constructive remodeling" is in direct contrast to the default mammalian response observed following tissue injury or following the implantation of many commercially available surgical mesh materials, which generally includes scar tissue formation or a foreign body response.
A number of tissue engineering and regenerative medicine approaches to the replacement of the TMJ disk have been suggested (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . However, to date, these studies have focused primarily upon the selection of ideal cell sources, growth factors, and scaffold materials for the engineering of tissues that recapitulate the TMJ disk in vitro. Recently, a preliminary study reported in this journal showed that a device composed of decellularized porcine urinary bladder tissue scaffold (urinary bladder matrix, UBM) alone was capable of providing an effective interpositional material while serving as an inductive template for reconstruction of the TMJ disk in vivo (33) . In this study, a device consisting of a powdered UBM "pillow" encapsulated within sheets of the same material was placed as an interpositional graft following discectomy in a canine model. The implanted material was observed to progressively remodel from three weeks to six months post-implantation and the newly formed host tissues resembled the native fibrocartilage of the TMJ disk in both gross and histologic morphology. This study, however, was limited by small sample size, a lack of mechanical testing data, and a lack of an appropriate negative control.
The objectives of the present study were to expand upon the characterization of the gross morphologic and histologic appearance of the newly formed tissues and, additionally, to evaluate the biomechanical properties and biochemical content of the remodeled tissues in ten animals at six months post-implantation in a model of bilateral discectomy.
Materials and Methods

Overview
A device consisting of particulate UBM was encased within sheets of UBM to provide an inductive and resorbable "pillow" of interpositional ECM material while mimicking the shape and size of the native canine TMJ disk as previously described (33) . The device was implanted unilaterally in a canine model of bilateral TMJ discectomy and remodeling was assessed at six months post-implantation. Assessment was performed using gross morphologic examination, histologic and immunolabeling methods, compositional studies, and mechanical testing.
UBM Device Preparation
UBM was prepared from porcine bladders as previously described (78) . Briefly, urinary bladders were harvested from market weight pigs (110-120 kg) immediately following sacrifice. The bladder tissue was rinsed in water to facilitate the removal of excess urine and the urothelial cell layer. Excess connective and adipose tissue was removed from the serosal surface of the bladder using scissors. The apex of the bladder was removed and the bladder was then split longitudinally from the apical opening to the neck of the bladder forming a rectangular sheet. The tunica serosa, tunica muscularis externa, tunica submucosa, and the majority of the muscularis mucosa were removed by mechanical delamination of the abluminal side of the bladder. The remaining tissue consisted of the basement membrane, tunica propria, and resident cells.
The tissue was then treated in a 0.1% peracetic acid/4% ethanol solution for two hours to initiate decellularization and disinfection of the tissue. Following treatment in the peracetic acid/ethanol solution, the tissue was repeatedly washed in phosphate buffered saline (PBS; pH 7.4) and water to remove cellular remnants and traces of the peracetic acid/ethanol solution and to return the pH of the material to 7.4. The remaining decellularized tissue was stored in water until used and represented the hydrated sheet form of UBM. A portion of the hydrated sheet form of UBM was frozen and lyophilized. The lyophilized sheet was cut into smaller pieces and comminuted using a Wiley mill with a #60 mesh screen. The comminuted UBM represented the particulate form of UBM.
A hard plastic mold was milled to create an oval-shaped depression with the approximate size of the desired central core of the TMJ device (10 mm × 14 mm oval, 2 mm depth) and a flat surface surrounding the depression to allow for the formation of a "pillow-like" core and a flat surrounding anchoring site. Two hydrated sheets of UBM were then cut to size and placed onto the mold. Following placement, the hydrated sheets were pressed to line the inside of the depression, creating a pocket into which particulate UBM was packed. Approximately 200-300 mg of the ECM powder was packed into the depression and two hydrated sheets were cut to size and placed over the top of the powder to create an enclosed core. The construct was subjected to a vacuum of at least 28 inches Hg until dry, forming a multilaminate pillow-like device. All constructs were then terminally sterilized using ethylene oxide prior to implantation.
Animal Model
Ten adult female mongrel dogs of approximately 15-20 kg were purchased from Marshall Bio-Resources USA. All animals were examined by a veterinarian prior to surgery and were found to be in good health and all animal procedures were performed in compliance with the 1996 National Institutes of Health "Guide for The Care and Use of Laboratory Animals" and approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh.
Surgical Procedure
All animals were sedated with acepromazine (0.1-0.5 mg/kg body weight) prior to intubation and maintained in a surgical plane of anesthesia with isoflurane (1-5%). The surgical site was shaved then prepared using a betadine scrub prior to the placement of sterile drapes. An incision was made anterior to the tragus, preserving the local innervation and vasculature. The native disk was exposed and then completely excised. The same discectomy procedure was used on both experimental and control sides. Following excision of the native disk on the experimental side, the disk was replaced with a UBM device as described below. The contralateral side was left empty.
The UBM implants were hydrated in sterile saline (0.9%) for approximately 10 minutes prior to implantation as a replacement device for the native disk. The implants were placed such that the powder "pillow" was positioned between the temporal fossa and the condylar head. Three holes were created in the temporal fossa and the implants were secured to the temporal fossa using slow resorbing fixation sutures. Fixation sutures were also placed in the anterior and posterior aspects of the implant to adjacent soft tissue. The skin was closed using resorbable suture material.
Post-operative Care
Following the surgical procedure, the animals were recovered from anesthesia, extubated and monitored until resting comfortably in a sternal position. The animals were then monitored and the following parameters were recorded every 3 hours for the first 24 hours post surgery: pulse rate, strength of pulse, capillary refill time, respiratory rate and ability to maintain an open airway, urinary output, and defecation. Body temperature was measured and recorded every 12 hours. The animals were restricted to confinement housing (not more than 2-3 days) until stable, and were then placed in 10×14 ft runs and allowed free movement. Buprenorphine was administered (0.005 -0.01 mg/kg body weight) for 5 days post-operatively and then as needed thereafter for pain management. The dogs were also given cephalexin (35 mg/kg body weight) for 5 days post-operatively. Animals were fed a soft diet for the first 5-7 days post-operatively and were returned to a normal hard diet thereafter.
Euthanasia and Sample Harvest
At six months post-implantation, the animals were sedated with acepromazine (0.1-0.5 mg/ kg body weight), anesthetized using isoflurane (5%) and euthanized by intravenous administration of pentobarbital sodium (390 mg/4.5 kg body weight). Following euthanasia, the temporal fossa, the condylar head, and the interpositional material between the structures were excised separately in the following order: (1) the joint capsule was opened, (2) the mandibular condyle was excised, (3) the remodeled UBM device was excised, (4) the temporal fossa was removed.
Portions of the remodled UBM device from 5 of the 10 animals were retained for biochemical and biomechanical analysis and tissues from all animals were fixed in formalin for histologic analysis. In those animals for which tissues were subjected to biochemical and biomechanical testing, a portion of the tissue adjacent to the area used for biomechanical and biochemical testing was fixed for histologic analysis. Allocation of animals for biomechanical and biochemical testing was selected at random. Native menisci from 6 animals were harvested at the time of discectomy to serve as positive controls for biochemical and biomechanical analysis.
Gross Morphologic Examination
At the time of explant, the joint space of all animals was examined for signs of gross pathology including degeneration of the articulating surfaces of the temporal fossa and mandibular condyle. Assessment was performed both an oral and maxillofacial surgeon (W.L.C.) and a pathologist (S.F.B.). The surface of the temporal fossa and condylar head were evaluated for surface irregularities with the assistance of a surgical probe/elevator and documented with photographs. This evaluation was performed in both control no-implant and implant groups, and observations were compared against tissues observed at time of implant.
Histologic Evaluation
Formalin fixed tissues were embedded in paraffin, cut into 6 μm sections and mounted on glass slides. Sections were deparaffinized by immersion in xylenes followed by a graded series of ethanol. The slides were stained using hematoxylin and eosin or von Kossa stain, and were then dehydrated in ethanol and xylenes prior to coverslipping. The slides were evaluated by light microscopy.
Immunolabeling
Tissue sections were labeled using antibodies specific for CD68, CD31, and smooth muscle actin to determine the presence of macrophages, blood vessels, and myofibroblasts, respectively, within the remodeled UBM implant. Slides were deparaffinized by immersion in xylenes and a graded series of ethanol. Antigen retrieval was then performed by boiling slides in 10 mM citric acid monohydrate (pH 6.0) for 20 minutes. Following antigen retrieval, the slides were exposed to a solution consisting of TRIS buffered saline and 0.05% Tween 20. Slides were then washed in PBS (pH 7.4) three times for a total of 10 minutes and a solution of 3% H 2 O 2 in methanol was applied for 30 minutes at room temperature to quench endogenous peroxidase activity. Slides were blocked in a solution consisting of 2% normal serum, 1% BSA, 0.1% Triton-X 100, and 0.05% Tween 20 in PBS for 30 minutes at room temperature. Primary antibodies were diluted in the blocking solution (1:250) and applied to the slides overnight at 4°C. Slides were washed in PBS, and peroxidase conjugated secondary antibodies diluted in blocking solution (1:100) were applied for 30 minutes at room temperature. The slides were washed in PBS and water prior to development using 4% diaminobenzadine substrate solution. Finally, slides were counterstained using hematoxylin, dehydrated using the reverse of the dewaxing procedure above, and coverslipped for examination under light microscopy.
Biochemical Content Analysis
Collagen and glycosaminoglycan (GAG) content of the remodeled UBM device were determined as a percentage of dry weight using a hydroxyproline assay and a sulfated GAG assay as per published protocols (79, 80) . Water content was determined as the percentage of water per total tissue weight by allowing the tissue to become saturated in a 37°C water bath, measuring the weight of the sample, and then comparing to the weight of the sample following complete lyophilization. All values obtained for collagen, GAG, and water content were compared to values obtained for the pre-implantation UBM device and for native canine TMJ tissue.
Biomechanical Testing
Compressive mechanical properties (peak stress, equilibrium stress, percent stress relaxation, and tangent modulus) of the native menisci, the pre-implantation device, and remodeled UBM devices were tested using an MTS Insight mechanical testing apparatus per published protocols (81) . Briefly, 4 mm cylindrical punches were taken from the center of the explanted samples and placed in a 37°C saline bath prior to testing. A preload of 0.1 N was applied for 30 minutes prior to preconditioning, which consisted of 10 cycles between 0-10% strain at a 9%/minute strain rate. Samples were then tested in unconfined compression to 10% strain. Samples were allowed 30 minutes to reach equilibrium and stress-relaxation behavior was determined. Mechanical properties data obtained for remodeled samples were compared to values obtained both for the pre-implantation UBM device and for native canine disk tissue.
Statistical Methods
Statistical significance of the mechanical properties and biochemical testing data were determined using a students T-test. P-values of p<0.05 were used to determine statistical significance.
Results
Ten female mongrel dogs were subjected to bilateral excision of the native TMJ disk. Animals were treated by unilateral replacement of the excised disk with an inductive biologic scaffold designed to mimic both the shape and size of the canine disk, leaving the contralateral side empty as a negative control. The device was composed of a pillow-like core of powdered porcine UBM encapsulated within sheets of the same material. Images of the explanted native meniscus and implanted UBM device are shown in Figure 1 .
All of the animals in this study survived the surgical procedure and lived until their predetermined sacrifice date without major complications. No animals were observed to exhibit signs of significant discomfort, and all animals gained weight throughout the study period. Two animals experienced dehiscence of the skin closure only without exposure of the UBM device. These animals were anesthetized and the surgical site repaired. Appetite and mastication were unaffected by the surgical procedure and all animals gained weight through the study period.
Gross Morphologic Findings
Gross morphologic examination of the experimental implantation site at six months postimplantation showed little to no gross pathologic changes in the articulating surfaces of the temporal fossa or the mandibular condyle following placement of the UBM device. The remodeled UBM device was not distinguishable from newly formed host tissue and was replaced with a structure that highly resembled the appearance of the fibrocartilage of the native TMJ disk in 9 of 10 animals. In 5 of 9 animals in which newly formed tissue was observed, varying degrees of loose highly vascular, thin and transparent connective tissue were present surrounding the meniscus, potentially acting as a nutrient supply to the remodeling tissues. In one animal, degradation of the UBM device without formation of new interpositional tissue was observed. In this animal, degenerative changes of the articulating surfaces of the condylar head and temporal fossa were present. An example of the gross morphologic appearance of the experimental remodeling site is provided in Figure 2 .
All control sites, which did not receive implantation of a UBM device, were characterized by grossly visible irregularities of the articulating surfaces of both the condylar head and the temporal fossa. Joint adhesions and fibrotic tissue formation characteristic of scarring were also observed in the control side of the majority of the animals examined. No regrowth of the excised disk was observed on the control side of any animal in the study. An example of the gross morphologic appearance of the control site is provided in Figure 2 
Histopathologic Findings
At six months post-implantation, a sparse population of spindle shaped cells within an aligned matrix of collagenous tissue was observed throughout the bulk of the remodeled UBM scaffold. In one sample, von Kossa staining showed the formation of a small focus of calcified tissue within the remodeled UBM device; however, the calcification was limited to a small area outside of the area of articulation and was adjacent to the drill hole created in the temporal fossa for suture placement. Bundles of skeletal muscle were present within the remodeled scaffold, but only near the peripheral soft tissue attachment. These muscle bundles were surrounded by mature, well-organized collagenous extracellular matrix and highly resembled the pattern of muscular attachment present in the native TMJ disk attachment site. Figure 3 shows representative examples of the histologic appearance of the remodeled UBM devices and Figure 4 shows the area of calcification observed in one animal.
Immunolabeling
Studies have shown that macrophages play an important and potentially determinant role in the degradation and remodeling of ECM based scaffold materials following placement, and our preliminary study showed that there was a population of CD68+ (a macrophage marker) mononuclear cells which participated in the early host tissue remodeling response following implantation of the UBM device (33) (34) (35) (36) . No cells were observed to label positive for CD68 in any of the explanted UBM samples examined in the present study, suggesting that the remodeling process associated with the implantation of the UBM device was complete. Additional immunolabeling was performed to examine the presence of vascular structures within the remodeled UBM devices. Results showed that the tissue contained small vascular structures similar to those observed for native TMJ tissue. Lastly, samples were immunolabeled for smooth muscle actin, a marker of myofibroblasts and often indicative of scar tissue formation when present within sites of tissue remodeling. Smooth muscle actin positive cells were found only surrounding the vasculature within the remodeled UBM devices in a pattern consistent with the presence of vascular smooth muscle and were not present within the bulk of the remodeled material.
Biochemical Content
Quantitative evaluation of biochemical content showed that both the pre-implantation UBM device and the remodeled device had a collagen content which was similar to that observed in the native disk tissues. A similar pattern was observed for water content. The remodeled tissue was found to have a slightly higher (+0.5%) GAG content than the pre-implantation device and the native tissue. Results of the biochemical content testing are shown in Table 1 .
Biomechanical Properties
Biomechanical compression testing showed that the pre-implantation UBM device had a higher peak stress, equilibrium stress, and tangent modulus than did the native TMJ meniscus tissue and a lower percent relaxation. By six months post-implantation the remodeled UBM device had a maximum stress, equilibrium stress, tangent modulus, and percent relaxation which approached that of the native disk, suggesting that the UBM device had remodeled into a structure with site-appropriate compressive mechanical properties similar to those of the native disk tissue. While the remodeled UBM device had a slightly higher tangent modulus, the difference was not statistically significant. Results of biomechanical properties testing are shown in Table 2 .
Discussion
The present study showed that an initially acellular biologic scaffold composed of porcine ECM served as an inductive template for constructive remodeling following discectomy. This remodeling process resulted in the formation of multiple tissue types (vasculature, muscle, connective tissue, fibrocartilage) that were arranged in a site-appropriate manner. No signs of gross pathologic changes in the articulating surfaces of the mandibular condyle or the articulating fossa were observed following implantation of the UBM device, further suggesting that the remodeled tissue also acted as an effective interpositional material. The remodeled UBM devices were similar to those of the native TMJ disk from gross morphologic, histologic, biochemical and biomechanical perspectives. Briefly, the histologic appearance of the remodeled UBM device consisted of elongated fibroblast-like cells within a highly aligned matrix of collagen and site-appropriate soft tissue attachments at the periphery of the implanted material. In pilot studies, no statistically significant differences in the number of cells present within the remodeled ECM device at 6 months post-implantation as compared to native tissue were observed (33) . Similar cell counts were not performed in the present study. Histologic images showed that the tissue formed within the remodeled UBM device in the present study may have been slightly hypercellular as compared to native tissue. However, the cells stained negative for markers indicative of inflammation (CD68) and scar tissue formation (SMA). Biochemical testing showed that the collagen and water content of the remodeled UBM device was similar to that observed for native tissues. GAG content was found to be slightly higher in the remodeled UBM device than in the preimplantation UBM implant and the native tissue. However, though statistically significant, this difference represented only a small percentage of the biochemical content of the remodeled UBM device and biomechanical testing indicated that the compressive mechanical properties which were similar to those of the native tissues.
In the absence of a UBM implant, re-growth of the excised disk did not occur and significant gross pathologic changes in the surfaces of both the condyle and fossa were observed. These results suggest that discectomy without replacement in the canine model leads to many of the same degenerative changes that have been observed in other animal models as well as in human patients following discectomy (33, 37, 38) . Adipose tissues, dermis and cartilage have all been used as interpositional grafts following discectomy with some degree of clinical success (5-11). However, donor site morbidity, fibrosis, and necrosis of the implanted tissues have been observed. The inductive ECM scaffold based approach described in the present study therefore provides a potential improvement upon the currently available treatments for reconstruction following discectomy. While the exact mechanisms by which ECM scaffold materials are capable of promoting the type of constructive remodeling observed in the present study have not been fully described, a number of key elements have been identified. These critical events include the modulation of the host innate immune response towards a more regulatory and pro-remodeling phenotype, the rapid degradation of the scaffold material with the release of biologically active matricryptic peptides, the recruitment of a variety of stem and progenitor cells to the site of implantation, and the site-appropriate response to mechanical stimuli.
The implantation of both synthetic and biologic materials is invariably associated with a robust macrophage response beginning as early as two day post-implantation and continuing for many months depending on the nature of the implanted material (39) . The presence of such a response is generally interpreted as chronic inflammation with associated granulation tissue formation and downstream encapsulation of the material with little to no functional recovery. However, it has been shown that non-crosslinked, acellular ECM based scaffold materials such as that used in the present study are capable of promoting the formation of new functional tissues without encapsulation or scarring, even in the presence of a robust, mononuclear cell dominated host innate immune response (35, 36, (40) (41) (42) . Indeed, a preliminary study showed that the implantation of a UBM device in the TMJ joint space following discectomy elicited a CD68+ mononuclear cell response which persisted to varying degrees for up to two months post-implantation, but did not inhibit the formation of tissue which highly resembled that of the native TMJ with time (33) . This dichotomy of outcomes (i.e. encapsulation vs. constructive tissue remodeling) suggests that phenotypic differences in the host cells which respond following implantation may exist.
A number of recent studies have described phenotypic differences in the macrophage population that responds following tissue injury (43) (44) (45) (46) (47) . Briefly, macrophage phenotype has been broadly characterized as M1, or "classically" activated, and M2, or "alternatively" activated, mimicking the Th1/Th2 nomenclature (48, 49) . Effective transition from a proinflammatory M1 type response to a more permissive M2 type macrophage response has been shown to be desirable for the functional recovery of a number of tissues following injury (43) (44) (45) 50) . Acellular, non-crosslinked ECM scaffold materials have been shown to modulate the default response towards a more M2 type macrophage response as early as three days post-implantation (34, 35) . The exact mechanisms by which this early transition affects tissue remodeling remains a subject of ongoing study; however it is increasingly clear that modulation of the default hose response to tissue injury is essential for the success of tissue engineering and regenerative medicine based approaches to tissue reconstruction.
While acellular, non-crosslinked ECM scaffold materials have been shown to modulate the host innate immune response resulting in constructive remodeling, the remodeling outcome associated with poorly decellularized or chemically crosslinked scaffold materials has been less desirable (42) . Materials which have been inefficiently decellularized or chemically crosslinked have been shown to elicit a primarily M1 type macrophage response and result in degradation of the material without functional recovery or encapsulation, respectively (35, 41) . The exact mechanisms by which chemical crosslinking affects the ability of ECM based scaffold materials to modulate the host response and to promote constructive remodeling is unclear but chemical crosslinking has been shown to change the ligand landscape and surface topology of the native material, prevent the degradation of the scaffold material, and inhibit the subsequent release of bioactive matricryptic peptides which may be contained within (36, 41, 42, 51) .
ECM scaffolds such as the one used in the present study have been shown to degrade rapidly upon implantation (36, (52) (53) (54) . A number of small peptides generated during this rapid degradation have potent antibacterial effects and chemotactic and mitogenic activity for a variety of cells, including local and marrow derived progenitor cell populations (55) (56) (57) (58) (59) (60) (61) . The recruitment of these cells is thought to play a crucial role in facilitating the formation of new, site-specific functional host tissues. The exact phenotype of the cells recruited to the site of remodeling in the present study was not investigated; however, previous studies have shown that cells recruited to sites of ECM scaffold remodeling express an array of markers associated with both multipotent stem cell populations and mononuclear cells (61, 62) . It is thought that these cells remain within the site of tissue remodeling in the long term and contribute to the observed constructive remodeling response. The biochemical and biomechanical milieu of the implantation site can have a determinant impact upon the phenotype of the cells participating in the remodeling process and the type and quality of the tissue which is eventually formed (63) (64) (65) (66) (67) .
ECM scaffolds have been derived from a number of different sources and the source tissue can affect the phenotype of infiltrating cells in complex tissues and organs such as lung and liver (68) (69) (70) (71) . However, the parent tissue source of many ECM scaffolds does not appear to be a critical factor for the constructive remodeling of many tissues For example, the UBM material used in the present has been shown capable of supporting the formation of not only urinary bladder, but also trachea, esophagus, and myocardium, among others (63, (72) (73) (74) . This diversity of constructive outcomes with a single source ECM scaffold suggests that tissue remodeling is critically dependent upon site-specific microenvironmental niche conditions. A number of studies have shown the effects of biomechanical stimulation upon the phenotype of progenitor cell populations and it is likely that local biomechanical cues, in addition to biochemical cues, influence the outcome of tissue remodeling (75) (76) (77) . In the absence of mechanical cues, tissue remodeling following the placement of ECM scaffold materials has often resulted in degradation of the scaffold material without constructive and functional remodeling and instead, replacement of the bioscaffold with non-functional scar tissue. In the present study, it is likely that the unique mechanical environment, multiple tissue types present, and complex biochemical milieu of the synovium and TMJ space contributed to the observed site-appropriate patterns and spatial distributions of muscle, connective, vascular, and fibrocartilaginous tissue formation. The fate of infiltrating cells, and the specific role of biochemical signals and biomechanical stimuli which lead to siteappropriate remodeling remain a subject of ongoing investigation.
Few significant complications were observed in the present study. Two animals experienced dehiscence of the surgical site; however, this was not likely related to the implant itself and was repaired without incident. In one animal, a small area of calcified tissue formation was observed within the remodeled UBM device. It is speculated that this area of calcification was due to the surgical procedure, in which the device was placed within the joint space prior to creation of the attachment sites by drilling through the temporal fossa. Placement of the device prior to drilling of the bone likely resulted in bone fragments and bone cells being deposited within the device in this animal prior to closure and initiation of the remodeling process. In one animal, formation for new discal tissue was not observed. While the exact reason for degradation of the scaffold material without formation of new tissue in this case is unknown, it is possible that the UBM fixation sutures may have failed, allowing the implant to migrate from the joint space. Lastly, the present study was limited in that it included only gross morphologic evaluation of the articulating surface of both the condylar head and the temporal fossa. Future studies may include more in-depth analysis of the histologic architecture of the articulating surfaces and radiographic imaging. However, it is clear from the present study that the implanted UBM device protected the articulating surfaces from the grossly visible pathologic changes which occurred in the discectomy alone control group.
In conclusion, the results of the present study suggest that a biologic ECM scaffold material derived from xenogeneic urinary bladder can serve as an inductive and effective substrate for the formation of new, site-appropriate, functional TMJ meniscus tissue. The UBM device may represent an "off-the-shelf" option for reconstruction of the TMJ disk following discectomy. Images showing the surgical procedure. The native disk (A) is exposed and excised leaving the joint space empty. UBM implants (B) were hydrated and trimmed to size prior to placement between the condyle and fossa on the experimental side and attachment through the fossa (C). Note sutures through the anchoring site (arrows) and interpositional pillowlike core (arrowheads). The contralateral side was left devoid of a meniscal substitute. C = condyle, F = fossa, M = disk, and I = implanted UBM-ECM device. Scale bars in A and B = 5 mm. Images showing the gross morphologic appearance of the TMJ space at six months postsurgery. The experimental side (A) was characterized by the presence of interpositional material between the articulating surfaces of the fossa and condyle. Upon removal of the condyle, the newly formed tissue was removed and retained for histologic and mechanical testing. The newly formed tissue (B) is shown and was characterized by a white shiny appearance resembling that of the native tissue. The articulating portions of the fossa (C) and condyle (D) were characterized by a grossly normal looking articulating surface. No interpositional tissue formation was observed on the control sides. Upon removal of the condyle, mild to severe (E) degenerative changes in the surface of the fossa could be observed and were accompanied by the formation of varying degrees of granulation tissue and adhesions within the joint space. The excised fossa (F) and condylar (G) tissues were characterized by mild to severe gross pathologic changes in the articulating surface. C = condyle, F = fossa, I = newly formed interpositional tissue. Black arrowheads denote the location of the observed interpositional material in image A. Scale bars = 10 mm. 
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